A G Protein-Coupled Receptor with a Lipid Kinase Domain Is Involved in Cell-Density Sensing  by Bakthavatsalam, Deenadayalan et al.
Current Biology 17, 892–897, May 15, 2007 ª2007 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2007.04.029Report
A G Protein-Coupled Receptor
with a Lipid Kinase Domain
Is Involved in Cell-Density SensingDeenadayalan Bakthavatsalam,1,4 Derrick Brazill,2
Richard H. Gomer,3 Ludwig Eichinger,1
Francisco Rivero,1,* and Angelika A. Noegel1,*
1Center for Biochemistry
Institute for Biochemistry I
Medical Faculty and Center for Molecular
Medicine Cologne
University of Cologne
D-50931 Cologne
Germany
2Center for the Study of Gene Structure and Function
Hunter College
City University of New York
New York, New York 10021
3Howard Hughes Medical Institute and
Department of Biochemistry and Cell Biology
Rice University
Houston, Texas 77005
Summary
One mechanism multicellular structures use for con-
trolling cell number [1, 2] involves the secretion and
sensing of a factor, such as leptin [3] or myostatin [4],
inmammals.Dictyostelium cells secrete autocrine fac-
tors for sensing cell density prior to aggregation and
multicellular development [5, 6] such as CMF (condi-
tioned-medium factor), which enables starving cells
to respond to cAMP pulses [7–9]. Its actions are medi-
ated by two receptors. CMFR1 activates a G protein-
independent signaling pathway regulating gene ex-
pression [10]. An unknown Ga1-dependent receptor
activates phospholipase C (PLC), which regulates the
lifetime of Ga2-GTP [11–13]. Here, we describe RpkA,
an unusual seven-transmembrane receptor that is
fused to a C-terminal PIP5 kinase domain and that
localizes in membranes of a late endosomal compart-
ment. Loss of RpkA resulted in formation of persistent
loose aggregates and altered expression of cAMP-
regulated genes. The developmental defect can be
rescued by full-length RpkA and the transmembrane
domain only. The PIP5 kinase domain is dispensable
for thedevelopmental role ofRpkA. rpkA2 cells secrete
and bind CMF but are unable to induce downstream
responses. Inactivation of Ga1, a negative regulator
of CMF signaling, rescued the developmental defect
of the rpkA2 cells, suggesting that RpkA actions are
mediated by Ga1.
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Texas 77005.Results and Discussion
RpkA Is a Novel Receptor Present
in Endosome-like Structures
RpkA is one of the 55 members of the G protein-coupled
receptor (GPCR) family in D. discoideum [14, 15]. RpkA
has a seven transmembrane (7-TM) region characteris-
tic for GPCRs, and this region is followed by a phospha-
tidylinositol-4-phosphate 5-kinase (PIP5K) domain (Fig-
ure 1A; Figures S1A and S1B in the Supplemental Data
available online). RpkA might be considered the found-
ing member of a new class of receptors for which re-
presentatives have been recently identified in the plant
pathogen Phytophthora [15]. The rpkA gene is ex-
pressed throughout development (Figure S1C).
We studied the subcellular localization of RpkA by
generating a cell line that expresses a GFP-fusion of
RpkA. Surprisingly, RpkA-GFP localized at clustered
vesicles of various sizes (Figure 1B). Localization at the
plasma membrane was not observed, although some
small vesicles localized close to the cell cortex. In coim-
munofluorescence studies, RpkA-GFP colocalized with
p80 at large vesicles (Table S1). p80 is a putative copper
transporter present at the plasma membrane and at ves-
icles throughout the endocytic pathway. RpkA-GFP also
colocalized with the postlysosomal marker vacuolin,
although there was additional RpkA-GFP in structures
that did not contain vacuolin, and partially colocalized
at a few large vesicles with Nramp1, a membrane protein
that is part of the endocytic pathway and that accumu-
lates in the trans-Golgi network (Figure 1B, arrows). Co-
localization with the Golgi marker comitin and with the
ER marker protein disulfide isomerase (PDI) was not ap-
parent, and only very restricted colocalization with vatA
(a subunit of the vacuolar proton pump ATPase) was ob-
served. These data suggest that RpkA-GFP associates
with endosome-like structures, although we cannot ex-
clude that some receptor molecules too small in num-
bers to be detected may be targeted to the plasma mem-
brane, where they become functional. Alternatively, one
can speculate that the ligand is taken up and transits
through the endosomal pathway where it meets RpkA,
and such a meeting elicits signaling. There is increasing
evidence assigning a role to endocytic organelles in sig-
nal propagation and amplification (for review, see [16]).
For example, reduction in mitogen-activated-protein
kinase (MAPK) activation was reported upon inhibiting
endocytosis of the b2-adrenergic receptor, a member
of the GPCR family [17].
To elucidate which domain determines the pattern of
localization of RpkA, we constructed GFP fusions of the
transmembrane region (TM-GFP) or the PIP5K domain
(GFP-PIPK). The TM-GFP fusion protein did not colocal-
ize with PDI but appeared to colocalize with comitin
(Figure 1C). Besides the predominant Golgi localization,
TM-GFP also displayed a vesicular pattern similar to the
pattern seen with RpkA-GFP. GFP-PIPK colocalized
with PDI and to a lesser extent with comitin, but it did
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893Figure 1. Features and Subcellular Localization of RpkA
(A) Gene structure of rpkA and domain architecture of the predicted protein. Black boxes represent exons. DDB0185645 and DDB0185647 are
predicted genes that flank rpkA on chromosome 4. The domain architecture of RpkA was determined with the SMART program (http://smart.
embl-heidelberg.de/) and shows a seven transmembrane (7-TM) region followed by a phosphatidylinositol-4-phosphate 5-kinase (PIP5K)
domain.
(B–D) Vegetatively growing cells expressing GFP fusion proteins of full-length RpkA (B), the transmembrane region (C), or the PIP5K domain
(D) were fixed in cold methanol and were incubated with monoclonal antibodies that recognize specific membrane compartments and then
incubated with Cy3-labeled anti-mouse IgG. The markers used were the predominantly late endosomal p80 (mAb H161), the Golgi marker com-
itin (mAb 190-340-2), the ER marker protein disulfide isomerase (mAb 221-135-1), the vacuolar H+-ATPase (vatA, mAb 221-35-2) present at
the contractile vacuole system and to a lesser extent at endosomes, and a marker for a postlysosomal compartment (vacuolin, mAb 221-1-
1). Additionally, RpkA-GFP cells were transfected with a plasmid allowing expression of a red-fluorescent-protein fusion of Nramp1, a protein
that is part of the secretory and endosomal pathway and that accumulates at the trans-Golgi network. GFP and RFP were visualized directly.
Arrows mark instances of colocalization of RpkA with vacuolin and Nramp1. Images shown represent confocal sections. The scale bar
represents 10 mm.not colocalize with p80 (Figure 1D). The subcellular lo-
calization of a kinase-dead RpkA was indistinguishable
from that of the nonmutated RpkA-GFP (data not
shown). This suggests that the PIP5K domain but notits catalytic activity is required for efficient transport
of RpkA to the endosomal pathway. The pattern of sub-
cellular localization of RpkA-GFP and TM-GFP did not
change substantially upon starvation (Figure S2).
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894Figure 2. CMF-Mediated Signaling in rpkA2 Cells
(A) Cell-density-dependent development of AX2 and rpkA2. Cells were allowed to develop on phosphate agar at the indicated cell densities.
Pictures were taken after 48 hr of starvation. The scale bar for panels at high magnification represents 20 mm, and the other scale bar represents
180 mm.
(B) The conditioned medium (CM) of rpkA2 induces aggregation. Exponentially growing cells from AX2 and rpkA2 were collected and starved
under submerged condition at a density of 105 cells/cm2 in the presence of buffer or CM from wild-type (WT) or rpkA2 (ko) cells. Images were
taken after 5 hr of starvation. The scale bar represents 90 mm.
(C) Response to PSF is not affected in rpkA2. PSF induces discoidin expression in rpkA2 cells (left panel). rpkA2 cells were grown in 0.5, 1.0, and
23 concentrated Klebsiella suspension as described [19] and harvested at a density of 106 cells/ml. Analysis of PSF activity in rpkA2 cells (right
panel) is shown. Cells were inoculated at low density (104 cells/ml) in 13 bacterial suspension prepared in CM, and once they reached a cell
density of 1 3 106 cells/ml, total cell lysates were prepared. Total proteins were separated by SDS-PAGE (12% acrylamide), and discoidin
was detected with mAb 80-52-13.
(D) Effect of recombinant CMF on rpkA2 cells. AX2 and rpkA2 cells were starved in the presence or absence of rCMF (1 ng/ml) at the indicated cell
densities, and phase contrast images were taken after 6 hr of starvation. The scale bar represents 30 mm.
(E) Phospholipase C activity of rpkA2 cells. Inositol 1,4,5-trisphosphate (IP3) production was determined with a commercially available kit. The
assay was performed in the presence or absence of rCMF (1 ng/ml). The graph illustrates a 2-fold increase in IP3 production in AX2, whereas
rpkA2 cells remain insensitive to CMF. Data are presented as mean 6 SD of two independent experiments.RpkA Is Required for Expression of Developmentally
Regulated Genes
To gain insight into the in vivo function of RpkA, we gen-
erated cells in which the rpkA gene was inactivated by
homologous recombination (Figure S3). Upon starvation
on a solid substratum,Dictyostelium cells aggregate and
undergo development, thus forming fruiting bodies. By
contrast, rpkA2 remained as loose aggregates from
which a few very small fruiting bodies emerged only after
48 hr (Figure S4). rpkA2 cells were able to grow and di-
vide in nutrient medium and to perform endocytosis in
a similar fashion to parental wild-type cells. rpkA2 cells
also did not display noticeable changes in the distribu-
tion of markers for compartments of the secretory and
endocytic pathways. In a chemotaxis assay, rpkA2 cells
failed to respond to cAMP. They were unpolarized,
moved at a very low speed (2.8 6 1.0 versus 14.7 6
3.8 mm/min), and changed direction frequently (Fig-
ure S5D and Table S2).
The phenotype elicited by lack of RpkA is indicative of
a defect in early development. A large-scale expressionstudy on vegetative and early developing cells with DNA
microarrays and northern blotting indicated that many
mRNAs encoding components of the cAMP signaling
pathway and mRNAs whose expression is regulated
by cAMP pulses were significantly downregulated in
rpkA2 cells (Tables S3–S5 and Figure S5A). The data in-
dicate that proper expression of early and late develop-
mental genes does not take place in rpkA2 cells. Further
analyses performed in the presence or absence of exog-
enous cAMP pulses showed that these cells are able to
sense and respond to cAMP pulses (Figures S5B–S5D
and Table S2).
rpkA2 Cells Produce but Cannot Sense a Factor
that Potentiates Aggregation
AX2 cells can aggregate and develop fruiting bodies at
high (5 3 106/cm2) and low (1 3 105/cm2 to 1 3 106/
cm2) cell densities after 24 hr of starvation. rpkA2 cells
formed loose aggregates at high cell density; however,
they did not aggregate at lower cell densities even after
48 hr (Figure 2A), suggesting that rpkA2 cells may not
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initiating aggregation and development.
To determine whether rpkA2 cells can produce condi-
tioned-medium factors, we starved AX2 cells in condi-
tioned medium (CM) prepared from rpkA2 cells. In the
presence of wild-type-derived CM or rpkA2-derived
CM, AX2 cells formed large streams 5 hr after starvation,
whereas when starved in buffer, they just began to form
short streams (Figure 2B). We then analyzed whether
rpkA2 cells can sense the factors secreted by wild-type
cells by starving rpkA2 cells in CM derived from AX2
cells. Under these conditions, rpkA2 cells did not form
aggregation streams (Figure 2B). This suggests that
rpkA2 cells secrete but do not respond to factors
required for aggregation, and therefore RpkA may be
involved in sensing these factors.
rpkA2 Cells Can Sense PSF but CMF-Mediated
Signaling Is Affected
One of the first secreted factors of CM is PSF, which is
produced when cells are grown in association with bac-
teria; such a situation maintains low-level expression of
genes essential for aggregation [18]. We determined
whether secreted PSF is able to induce gene expression
of discoidin in rpkA2 cells [19]. Increased discoidin
levels were observed in rpkA2 cells with decreasing
concentration of bacteria, mimicking the late exponen-
tial-growth phase (Figure 2C, left panel), as previously
reported [20]. We also found that CM from either wild-
type or rpkA2 cells induced comparable discoidin ex-
pression in wild-type and rpkA2 cells (Figure 2C, right
panel). These data suggest that rpkA2 cells are able to
produce and respond to PSF.
When cells starve, the levels of PSF decline and the
cells start secreting CMF to activate a second cell-
density-sensing pathway [21]. To determine whether
rpkA2 cells can sense CMF, we incubated cells with re-
combinant CMF (rCMF) at low cell density (104 or 105
cells/cm2) and monitored their ability to form streams.
When starved at a cell density of 104/cm2 in buffer,
many of the AX2 cells were rounded and some had
few protrusions, whereas in the presence of rCMF,
they became elongated and polarized. At a cell density
of 105/cm2 in buffer, AX2 cells polarized, and in the pres-
ence of rCMF, they made aggregation streams. In con-
trast, rpkA2 cells remained rounded in the absence
and presence of rCMF at both cell densities (Figure 2D).
CMF activates PLC, thus causing an increase in IP3
levels within w30 s of stimulation [12]. Accordingly,
AX2 cells showed a 2-fold increase in IP3 production in
response to rCMF, whereas rpkA2 cells showed no in-
creased IP3 production (Figure 2E). These data imply
that cells lacking RpkA do not respond to CMF and that
RpkA could be involved in the pathway whereby CMF
activates PLC to produce IP3.
The phenotype of rpkA2 cells is similar to that of null
mutants of other CMF signaling components such as
CMF and CMFR1 [11, 22, 23]. However, despite their
inability to respond to CMF, rpkA2 cells did not differ
from AX2 in the amounts of CMFR1 receptor (Figure S6A)
and binding capacity for 125I-radiolabeled CMF (Fig-
ure S6B). This indicates that RpkA is not a receptor for
CMF.The Effects of RpkA Are Mediated by Ga1
Two G proteins, Ga1 and Ga3, have roles in the early de-
velopment of Dictyostelium [24, 25]. ga32 cells have a
phenotype similar to that of rpkA2 cells. However, there
is no expression of cAR1 in ga32 cells [25], whereas in
rpkA2 cells, cAR1 protein is expressed and transported
to the membrane along with Ga2 (Figure S7). This sug-
gests that Ga3 and RpkA are not in the same signaling
pathway.
It was previously postulated that the unknown CMFR2
activates Ga1, thus releasing Gbg to activate PLC [10,
12, 26]. At very low cell densities (and thus very low
CMF concentrations), ga12 cells have a phenotype sim-
ilar to that of wild-type cells in the presence of CMF, sug-
gesting that Ga1 might act as a negative regulator of
CMF signaling [12, 24]. Therefore, if RpkA mediates
CMF signaling through Ga1, inactivation of this G pro-
tein in rpkA2 cells should allow normal development.
In agreement with this, ga12/rpkA2 cells aggregated,
formed fruiting bodies (Figure 3A), and produced csA,
Figure 3. Ga1 Regulates CMF Signaling through RpkA
(A) Development of ga12/rpkA2 cells. AX2, ga12/rpkA2, and single-
mutant cells were plated at a density of 5 3 106 cells/cm2 on phos-
phate agar plates and allowed to develop at 21C. Images were taken
at the indicated time points. The scale bar represents 300 mm.
(B) csA expression in ga12/rpkA2 cells. Wild-type and ga12/rpkA2
cells were starved in suspension at a density of 13 107 cells/ml. Cells
were collected at the indicated time points and lysed in 13SDS sam-
ple buffer. Homogenates from equal amounts of cells were separated
by SDS PAGE (10% acrylamide). csA expression was detected with
mAb 33-294 and a-actinin expression was detected with either
mAb 47-16-1 or mAb 47-62-1. a-actinin was used as a loading
control.
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the Response to CMF
CMF signaling is apparently mediated by two
receptors, CMFR1, which regulates cell dif-
ferentiation through a G protein-independent
pathway, and a postulated G protein-coupled
receptor CMFR2 that regulates cAMP signal
transduction. RpkA is required for a response
to CMF to occur. Although we cannot exclude
that RpkA may be needed for the function of
CMFR1, our data clearly indicate that RpkA
is necessary for signaling through CMFR2.
RpkA might be signaling from the endosomal
compartment where it localizes, but its ligand
is unknown. Upon binding of CMF to CMFR2,
activation of Ga1 causes the release of Gbg,
which activates PLC to produce IP3. The PIP5
kinase domain of RpkA might be involved in
producing PI(4,5)P2, a substrate of PLC. Acti-
vation of PLC then activates a pathway that
prolongs the lifetime of the cAMP-stimulated
Ga2-GTP configuration, thus allowing cAMP
signal transduction to occur.although with a delay of 3 hr as compared to AX2 (Fig-
ure 3B). Therefore, our results suggest that Ga1 is an
effector for RpkA, and together they regulate CMF signal
transduction, although their interaction may not be a di-
rect one. However, unlike wild-type cells, ga12/rpkA2
cells were not able to develop at low cell density (105
or 106 cells/cm2) similar to the rpkA2 cells (data not
shown). The data show that not all of the functions of
RpkA can be replaced by simple deletion of Ga1 and
that RpkA has additional functions.
In addition to G protein-dependent events, activation
of RpkA might result in activation of the C-terminal PIP5
kinase activity, resulting in the synthesis of PI(4,5)P2,
which is involved in various cellular processes [27].
However, the effects of this activity are difficult to as-
sess. We could not observe any noticeable difference
in the immunostaining pattern between rpkA2 and AX2
cells by using a PI(4,5)P2-specific antibody (data not
shown). This is not surprising, considering that seven
other genes encode putative PIP5 kinases in Dictyoste-
lium [14]. In addition, in complementation experiments,
the TM region was sufficient for reverting the develop-
mental defect of rpkA2. The PIP5K domain, although
important for efficient targeting, was dispensable for
the role of RpkA in development (Figure S8).
Figure 4 summarizes the current view on the role of
RpkA, an essential component of a signaling network in-
volved in cell-density sensing during Dictyostelium de-
velopment and a member of a novel class of GPCRs
that might be signaling from the endosomal compart-
ment. RpkA seems to be needed for enabling signaling
downstream of CMF, such as production of inositol tri-
sphosphate and establishment of full responsiveness
to cAMP. Inactivation of Ga1, a negative regulator of
CMF signaling, rescued the developmental defect of the
rpkA2 cells, suggesting that RpkA actions are mediated
by this G protein.
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